Introduction
The Pb-salt semiconductors (PbS, PbSe, and PbTe) have been the earliest practical semiconductors used in electronic devices such as crystal rectifiers, infrared sensors, diode lasers, and thermoelectric generators. 1 Recently, they also have been reported to be potential topological insulators. 2 This class of semiconductors hosts the materials with the highest thermoelectric ZT, [3] [4] [5] in particular in alloys in which other divalent elements such as Sr are substituted for Pb 2+ . 6 PbSe, the binary semiconductor that is the starting point for the present study, is an excellent thermoelectric semiconductor 7, 8 that avoids the use of Te, which is not abundant in the earth's crust. Another element thought to be divalent, Eu, is known to increase the band gap of PbTe 9 and PbSe: 10, 11 PbEuTe and PbEuSe have been used as the high-gap semiconductor in PbTe and PbSe double-heterojunction, quantum-well, tunable infrared diode lasers. 11 For these applications, the fact that Eu is divalent was one of its main advantages, as compared to other rare earth elements, since it allowed modification the band gap of the material without increasing the carrier concentration. Magnetic studies have been performed on PbEuTe [12] [13] [14] [15] and PbEuSe 9,16,17 alloys and superlattices. The transport properties of PbSe containing various rare-earth elements have been studied more recently. 18 In these works, Eu in PbSe was found to be electrically inactive and magnetic in the Eu 2+ state, making Pb 1Àx Eu x Se one of the dilute magnetic semiconductors (DMS). None of earlier studies include a systematic variation of both the Eu content while adjusting the p-type doping level independently, as is done here with Na-doping. This approach reveals that the valence of Eu is indeed 2+ in material with low carrier concentrations but shifts from 2+ to 3+ upon p-type doping with Na. The second, electrically active impurity (Na + )
This changes both transport and magnetic properties. To the best of our knowledge, this is the first example of a fully controllable and tunable triggering of a valence mixing effect in a dilute magnetic semiconductor by the addition of a second, electrically active element. Moreover, the effect here appears at low doping levels, with charge carrier concentration variations orders of magnitude smaller than, for instance, in metallic CePd 3 .
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Among DMS or metals in which a mixed valence or a valence fluctuation is observed, we mostly find alloys in which the concentration of the transition metal or rare-earth element has been adjusted to release the valence instability. A review of this approach for DMS based on lead chalcogenides is given in ref. 20 leading to unexpectedly high mobility of the carriers 26 .
Chromium also was reported to exist in two valence states, as Cr 2+ and Cr 3+ in PbTe 27 and PbSe 28 . In all these materials, the transition metal (TM) impurities' valence changed with increasing TM concentration, thus there was no independent way of controlling the valence at any specific composition. Among rare-earth impurities in chalcogenides, Gd and Yb also showed a tendency to change their valence, when the carrier concentration in the samples was varied. However, for the Gd case, the 4f electronic shell configuration remained unchanged: in Sn 1Àx Gd h. The tubes then were soaked at that temperature for 5 h, and rapidly cooled to room temperature over 3 h. The obtained ingots were cleaned and ground to a powder using a mechanical grinder to reduce the particle sizes to less than 53 mm. These powders were densified at 923 K for 5 min under an axial compressive pressure of 40 MPa in an argon atmosphere in an SPS apparatus. Table 1 reports a summary of the samples studied. Thermoelectric transport properties and galvanomagnetic properties of Pb 1ÀxÀy Eu x Na y Se samples were measured in a customized cryostat, either with an AC bridge, or with a static heater-and-sink method. The samples were cut into parallelepipeds with dimensions around 2 mm Â 2 mm Â 10 mm. To minimize heat loss, very thin copper and constantan wires were used as thermocouples. Four-probe measurements were used to measure the resistivity of the samples using 4 copper wires. Hall resistivity was obtained by applying a transverse magnetic field in the range À14 kOe r H r +14 kOe. All the thermoelectric and galvanomagnetic properties were measured in the temperature range 80 K r T r 420 K. Two experimental measurements of magnetization, M, were conducted using a superconducting quantum interference device (SQUID). The first measurement of M vs. temperature was performed by applying a magnetic field of 5 kOe and sweeping the temperature from 2 K to 300 K. From the obtained data, the magnetic susceptibility w was calculated. The susceptibility of Eu 2+ was then obtained by subtracting the diamagnetic susceptibility of the PbSe lattice. A second measurement of magnetization was carried out by varying the magnetic field from 0 to 60 kOe at 2 K, 4 K, and 6 K. Electronic structure calculations were performed using the full potential linearized augmented plane wave (FP-LAPW) method, as implemented in the WIEN2k code. 32 To simulate the doping, the supercell approach was used, building a 64-atom 2 Â 2 Â 2 supercell, starting from a cubic rock-salt PbSe unit cell (a = 6.12 Å). Spin-orbit interaction was taken into account, and the Coulomb interactions between the 4f Eu electrons were treated using the LDA + U method. We took U = 7 eV and J = 1 eV, as values of U between 7 eV and 10 eV usually are considered for Eu in the literature. 33 
, instead of pure energy E, appears due to non-parabolicity of the band structure, g 0 is its energy derivative, and E g is the band gap. The scattering exponents take the values: l = À1/2 for acoustic phonon scattering, l = 0 for neutral impurity scattering, l = 1/2 for polar optical phonon scattering, and l = 3/2 for ionized impurity scattering.
Comparing the thermopower data in Fig. 2a to those reported in binary PbSe doped with Na, In, or Al, 37, 40, 41 shows that doubly-doped Eu + Na samples have considerably larger thermopower at given carrier concentration. Looking at the complete dataset in Fig. 2a and comparing to the theoretical curves, ionized impurity scattering likely is the reason for the increase in a. The Pisarenko plot in Fig. 2 is consistent with this hypothesis. As mentioned above, the PbEuSe:Na data points align well with the ''ionized scattering'' a(p) curve, whereas the PbSe:Na points are below, near the polar optical phonon or neutral impurity scattering curves. The measured magnetization curves of ( y = 0.01; x = 0.01, 0.02, 0.03, 0.06, 0.09, and 0.12) and (x = 0.01; y = 0, 0.01, 0.02, 0.03, and 0.04) as a function of magnetic field at 2 K are displayed in Fig. 3a and b, respectively. The weak diamagnetic contribution of PbSe matrix, with susceptibility w d = À3.6 Â 10 À7 emu (g Oe) À1 was subtracted, assuming that it is temperature independent. First, in samples with fixed Na concentration ( y = 0.01; x Z 0.01), the magnetization increases with Eu content x (Fig. 3a) . This verifies that Eu gets incorporated into each sample proportionally to the amount of Eu added. In contrast to this expected behavior, the evolution of magnetic properties of Pb 1ÀxÀy Eu x Na y Se with y shows anomalous reduction of magnetic signal, that confirm the Eu
2+
-Eu 3+ transition in the system independently from the anomalies in the Hall coefficient, as explained below.
The following analysis of magnetic data starts from the magnetization of the 1 at% Eu doped, Na-free sample (x = 0.01, y = 0, black top curve in Fig. 3b ). M(B) at 2 K shows typical paramagnetic, Brillouin-like function shape, and the saturation magnetization value corresponds to the expected value for Eu 2+ ion (7 m B , i.e.
emu g À1 ) if the actual concentration of Eu atoms in the
sample is 0.93% instead of 1%. Such a small discrepancy is consistent with a small loss of Eu during the synthesis. Thus, in agreement with previous reports 16, 18 and the small carrier 
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concentration measured in this sample, we observe that the Eu valence is 2+ in the absence of Na in PbSe. When 1 at% of Na is added to Pb 0.99 Eu 0.01 Se, the magnetization of the sample drops more than three times, which is an independent signature of the transition of the majority of magnetic Eu 2+ ions into non-magnetic Eu 3+ . Fig. 3b shows how the magnetization decreases further with increasing Na doping levels, with the sample with 4 at% Na and 1 at% Eu reaching a saturation magnetization of less than 2% of that of undoped Pb 0.99 Eu 0.01 Se. Here, almost all of the Eu ions are transformed into Eu 3+ . This observation is consistent quantitatively with the reduction observed for the carrier concentration (Fig. 1a) from magnetization measurements should be considered as more accurate, since the accuracy of Hall carrier concentration is limited by the accuracy of the formula ( p = À1/eR H , e -electron charge), and can be affected by Hall prefactors that depend on the scattering mechanism. This is the most likely reason for the differences between the two columns in Table 1 . The low-temperature field dependence of the magnetization deviates slightly but measurably from the Brillouin function that characterizes the magnetic moment of pure paramagnets. The magnetization data of the samples with (x = 0.01, y = 0) and (x = 0.03, y = 0.01) at T = 2 K, 4 K and 6 K, as a function of magnetic field, are reported in Fig. 4 . The field and temperature dependence of the magnetization of the independent noninteracting (paramagnetic) Eu 2+ ions M BR is described by:
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where B S 0 is the Brillouin function, B S 0 ðxÞ ¼
is the molar mass of the compound, g is the g-factor of Eu 2+ (we take g = 2), N A is Avogadro's number, and m B is the Bohr magneton. Fig. 4a and c represent the field-dependent magnetization data fitted to M BR (solid lines) at each temperature. At low field, the sample with (x = 0.01, y = 0) has slightly lower magnetization data when fitted to M BR , suggesting the presence of antiferromagnetic (AF) interactions between Eu ions in the sample, as reported in earlier works for Eu-doped PbSe. 16 The increase in Eu level in
PbSe results in a larger deviation from M BR as seen in (2), but the probability P S of finding the singles in the sample is taken into account. Hence, the single contribution (M S ) is
The pair contribution (M p ) is 16, 44, 45 
where S MAX = 2S 0 , J ex is the exchange coupling parameter, and k B is the Boltzmann constant. The open triplet contribution (M OT ) and the closed triplet contribution (M CT ) are listed below:
where
; and jmj S b .
The probabilities of finding the singles (P S ), the pairs (P P ), and the triplets (P OT and P CT ) of Eu ions in the rock salt fcc lattice are shown below:
These probabilities are valid under the assumption of completely random distribution of Eu ions in the samples.
The formulas above are used to fit the magnetization data in Fig. 4b and d. Note, that the procedure involves only two fitting parameters: x Eu 2+, fitting the saturated part of the magnetization, and the exchange interaction parameter, J ex , describing the antiferromagnetic contribution to magnetization, seen for lower fields ( J ex was kept constant for all analyzed curves). When AF interactions between Eu ions (singles, pairs, and triplets) are considered, the best fitting curve is found with J ex /k B = À0.35 K; nearly all the magnetization data lies on the curve as shown in Fig. 4b and d , considerably improving the fitting against the Fig. 4a and c . This supports the notion that the exchange interaction between nearest neighbor of Eu 2+ ions in PbSe is antiferromagnetic. A previous study 16 has also reported AF interactions of Eu 2+ ions in Pb 1Àx Eu x Se samples with J ex /k B = À0.24 K at T = 0.62 K from the magnetization steps analysis, whereas our obtained exchange coupling ( J ex /k B ) is slightly different, J ex /k B = À0.35 K from T = 2 K to 6 K. The difference may come from the different carrier concentration of the samples; however, further studies at lower temperatures would be necessary to conclude this. It should be mentioned that an increase in the Eu concentration in PbSe will also increase the probability of forming structures of NN Eu atoms that are larger than simple triangles in which the AF interactions play a role. For this reason, the magnetization fittings in the samples with (x 4 0.03, y = 0.01) are not reported. For example, the total probability of the analyzed configuration, P T = P S + P P + P OT + P CT of (x = 0.03, y = 0.01) sample is 99%, while that of (x = 0.06, y = 0.01) sample would be 92%, hence 8% of the total magnetization is delivered by the higher-order configurations (squares, etc.), and the analysis limited to triangles becomes not accurate enough and is not presented.
In Fig. 5 , the inverse low field (5 kOe) susceptibility against temperature in three samples of Pb 1ÀxÀy Eu x Se:Na y with (x = 0.01, y = 0) (x = 0.03, y = 0.01), and (x = 0.06, y = 0.01) is reported. The data are analyzed using the Curie-Weiss law:
where T is the absolute temperature, w d is the diamagnetic susceptibility, C is the Curie constant, and y is the Curie-Weiss temperature as given by 47 C
In (9) and (10) View Article Online as seen in Fig. 5 , where the low field magnetic (5 kOe) susceptibility data shows linear relation with temperature, following the Curie-Weiss law. This supports the conclusion of the presence of AF interactions between nearest neighboring Eu atoms (negative y and J ex ), as well as the transformation of Eu 2+ to Eu 3+ with Na doping (the same x Eu 2+ used here).
C. Electronic structure
The experimental data analysis provides strong evidence that the Eu valence in Pb 1ÀxÀy Eu x Na y Se varies from 2+ to 3+. The question that remains open at this point is whether this transition may be explained by the evolution of the electronic band structure of the system, or whether it is connected to the chemistry of the material (e.g., formation of an antiferromagnetic Eu-Se secondary phases could also decrease the total magnetization of the samples, although it would not be consistent with the close correlation of the drop in magnetization with the carrier concentration change). The electronic structure calculations in this section address the question. This is a difficult task for density functional (DFT) methods, since the presence of a 4f element (Eu) requires taking into account strong Coulomb interactions on the 4f shell. Furthermore, the system under study is double-doped (Eu + Na ) transition avoids such energetically unfavorable electronic configuration, and the real DOS in the material will not look like the one presented in Fig. 6b , which should be treated as a signature of the valence Fig. 6 Spin-polarized densities of states (DOS) for 64-atoms supercells of PbSe, with some of Pb atoms substituted by Eu and Na, as given in the top legend. On each of the panels, the ''spin-down'' DOS is plotted as negative. The left scale corresponds to the partial 4f Eu DOS (black curves) given per Eu atom and per spin, while the right scale gives the total DOS of the supercell (blue curves), divided by 32 (the number of PbSe formula units). instability. Similar results (Fig. 6c) were obtained for the third studied supercell, Eu 2 Na 2 Pb 28 Se 32 , in which the two Eu atoms were located in two inequivalent crystallographic positions with different Eu-Na distance. Also here, as the Fermi energy comes close to the Eu-4f DOS, the reconfiguration of the Eu 4f shell takes place. The Eu(1) atom, located closer to Na, exhibits larger splitting of the 4f shell and stronger reduction of the 4f 7 -th level filling (equal to 6.6), comparing to Eu(2) (filling equal to 6.8), which was placed much further from Na [the distances were: Eu (1) qualitative explanation of the mechanism of transition is given, in terms of the modifications in the electronic structure of the system triggered by the unfavorable location of the Fermi energy inside the DOS of the Eu-4f electron shell.
Summary and conclusion
We have investigated thermoelectric, galvanomagnetic, magnetic, and electronic properties of Pb 1ÀxÀy Eu x Se:Na y samples.
The measurement results are summarized in Fig. 7 , which represents magnetization and hole concentration as a function of both Eu and Na content. First, as the Eu level (x) in Pb 0.99Àx Eu x Na 0.01 Se is increased, the system shows a significant reduction in hole concentration. Second, when Na level (y) is increased in Pb 0.99Ày Eu 0.01 Na y Se, an equally significant decrease in magnetization is observed. Both phenomena can be explained by the valence transition of a fraction of the europium atoms, from magnetic and divalent Eu 2+ to a nonmagnetic and trivalent Eu 3+ , when Na is added to the system and the position of the Fermi level changes. As a result, a mixed valence state is realized in the system, and each amount of Eu in a 3+ state compensates a fraction of holes delivered by Na. When the concentrations of Eu and Na are both equal to 1%, 76% 
